Introduction {#s0005}
============

Hepatocellular carcinoma (HCC) is the fifth most prevalent tumor type and the third leading cause of cancer-related deaths worldwide. More than 250,000 new cases of HCC occur annually [@bb0005], [@bb0010]. Half of cases are thought to occur in China, rendering HCC the top priority in China\'s anticancer campaign [@bb0015], [@bb0020]. Major risk factors for HCC include infection with hepatitis virus B or C, alcoholic liver disease, and probably nonalcoholic fatty liver disease [@bb0025], [@bb0030], [@bb0035]. In Asia and Africa, where HBV is endemic, 60% of HCC is associated with HBV and 20% is related to HCV [@bb0040].

Many studies of HCC derived from gene expression profiling focus mainly on the host and little on the virus [@bb0045], [@bb0055]. HCC patients are often analyzed as a single group regardless of the etiological factor involved, and the clinical, virological, and histologic features studied are often limited or missing [@bb0045], [@bb0055]. Limited information is available on the gene expression profiles of surrounding nontumorous tissue.

Antiviral treatment represents the cornerstone endpoint of all our current therapeutic attempts. The inhibition of viral replication by nucleos(t)ide analogues (NAs) has been shown to achieve the elimination of chronic HBV-induced necroinflammatory activity and progressive fibrotic liver processes in the vast majority of patients, in turn reducing the risk of HCC. However, those data are controversial [@bb0060], [@bb0065], [@bb0070], [@bb0075]. A recent retrospective study involving 4568 HBV chronic hepatitis patients indicated that all male patients and female patients aged above 50 years were still at risk of HCC even after HBsAg seroclearance [@bb0080]. The authors urgently requested evaluating drugs by parallel systems on standardized HBV-related HCC models, which recapitulate the many forms of this disease.

The current models for HBV-induced HCC mainly comprise transgenic mice expressing specific fragments of the HBV genome [@bb0085], [@bb0090], [@bb0095] These models demonstrate a primary function of viral hepatitis genes in initiating or promoting liver carcinogenesis. However, two features differ from clinical settings; cirrhosis and inflammation are absent in the preneoplastic stages [@bb0085], [@bb0100]. In addition, mice livers do not permit the formation and persistence of covalently closed circular DNA (cccDNA) of HBV. [@bb0105] Another category of model is based on recombinant HBV plasmids in transgenic mice for chronic liver disease [@bb0110], [@bb0115]. However, whether a patient-derived xenograft (PDX) model can also be applied in virus research is unknown [@bb0120], [@bb0125], [@bb0130]. In the study, we analyzed the clinicopathological pattern of HBV in a unique cohort of HCC samples and matched stroma tissues. Pieces of solid primary tumors maintained as tissue structures were collected by surgical procedures and inoculated into nonobese diabetic severe combined immunodeficiency (NOD/SCID) mice. Both viral expression and cellular biomarkers in clinical HCC tissues were faithfully reproduced by tumor engraftments in mice. This study may suggest a possible application of PDX model in the tumor virology field.

Material and Methods {#s0010}
====================

Ethics Statement {#s0015}
----------------

The clinical section of the research had been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki). Written informed consent was obtained from all participants, and all samples were anonymized. All participants were adults.

The animal experiments were complied with the ARRIVE guidelines. All animal care and use protocols were performed in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals approved by the State Council of People\'s Republic of China.

HCC Tissue Acquisition and Processing {#s0020}
-------------------------------------

tlsb=-0.09pt?\>HCC tissues obtained from surgery were washed three times in cold PBS solution and transferred to laboratory in DMEM (Gibco) containing antibiotics (penicillin 250 U/mL, streptomycin 250 mg/mL). Specimen transfer and procedures were under 4 °C or on ice. All procedures from tissue acquisition to tumor implantation were finished in 1 hour. Tumor lesions from surrounding normal tissues were dissected as thoroughly as possible to remove residual hemorrhagic necrosis, fat tissue, and fibrosis. Single or multiple lesions were collected depending on individual specimens. Harvested tumors were divided into pieces and fresh-frozen in liquid nitrogen, fixed in 4% paraformaldehyde, and embedded in paraffin, or cryoprotected consecutively with 5%, 15%, and 30% sucrose prior to embedding in Tissue-Tek OCT embedding medium (Sakura) [@bb0135].

Tumor Implantation {#s0025}
------------------

A minimum of three mice were used per experimental group. We implanted mixed fragments of fresh tumor (\~20 mm^3^) in Matrigel (growth factors reduced, BD Company), subcutaneously into two sides of flanks of 4-week-old male NOD-SCID mice. Mice (NOD CB17-Prkdcscid/NcrCrl) were from Tengxin Company (Chongqing, China). Tumor growth was measured weekly using calipers. Tumor volumes were calculated using the formula ½ × length × (width) [@bb0010]. After 10--12 weeks, visible tumors were detected. When tumors reached 0.5--2.0 cm^3^, mice were euthanized and killed, and graft tissues were separated as previously described and analyzed for histology and gene expression, or frozen for later use.

Histology Assays {#s0030}
----------------

Staining used standard microtome sectioning, deparaffinization, and hydration. To deparaffinize and rehydrate slide sections, xylene and ethanol from 100% to 80% ethanol were used. Hematoxylin was used for staining. Harris hematoxylin with glacial acetic acid was applied for 5 minutes with rinsing with deionized water and acid ethanol. Eosin phloxine was used for transient staining, with 95% and 100% of ethanol and xylene were used for dehydration. Permount mounting medium was used to cover all tissue with drying overnight in a hood. Original magnifications were ×100 and ×400.

Immunohistochemistry Assays {#s0035}
---------------------------

All immunostaining was on paraffin-embedded tissues. Tissue blocks were sectioned, mounted on microscope slides, and heated at 56 °C overnight. Paraffin was removed with xylene and tissues were serially rehydrated through descending ethanol concentrations to water. For immunohistochemistry, antigen retrieval was performed by boiling samples in a microwave oven using 10 mmol/L sodium citrate buffer (pH 6.0). Slides were washed twice in PBS and once in PBS-1% Tween-20 for 15 minutes. Tissue specimens were blocked for 1 hour with PBS containing 3% bovine serum albumin. Slides were incubated with specific primary antibodies at 4 °C overnight: α-HBsAg (Abcam, ab18797) and α-HBcAg at 1:200 (Abcam, ab115992); α-Collagen I (Abcam, ab34710) and α-SMA at 1:100 (Abcam, ab5694), or α-ki67 at 1:50 (Santa Cruz Biotechnology, sc23900). Slides were stained subsequently with corresponding secondary antibodies (goat anti-mouse at 1:2000 and goat anti-rabbit at 1:5000) conjugated to HRP (Thermal Fisher, 62--6520 and 31,460) for 1 hour at room temperature. After color development with diaminobenzidine, sections were counter-stained with hematoxylin. Entire tumor sections within glass slides were evaluated under low and high power magnification (×100 and ×400 objectives).

Statistics {#s0040}
----------

The successful rate of PDX models was calculated and log-rank tests were performed for statistical univariate analysis of prognostic variables. Twenty clinicopathological variables for clinical features, laboratory data, operative findings, and pathological features were analyzed. All parameters were dichotomized based on the most significant parametric factors to examine their influence on PDX model development, except for three ranges of HBsAg titers. In all cases, a P value lower than 0.05 was considered statistically significant.

Results {#s0045}
=======

Characteristics of Patients {#s0050}
---------------------------

We studied 14 patients with HBV-associated HCC. HCC tissues with their peritumor stroma controls from surgical resection were collected from July to November 2017. Of the samples, 10 HCC tissues from (\#5 to \#14) were injected into the lateral abdomens of NOD/SCID mice. And clinical, serological, and pathological features including grade and size of tumor for those 10 tissues were provided in [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}.

All 14 samples exhibited histological morphology of HCC from well, moderate to poorly differentiated types. Tissues \#2, 5, 7, 9, and 12 had well differentiation with polygonal tumor cells that resembled hepatocytes, 2- to 3-cell-thick hepatocellular plates/cords and/or degraded balloon-like cells with enlarged nuclei and prominent nucleoli ([Fig. 1](#f0005){ref-type="fig"}*A*). As the most easily recognizable form of moderate differentiation, tissues \#3, 10, 11, 13, and 14 showed a trabecular growth pattern with dilated sinusoids and untypical cell proliferation. A solid growth pattern of samples \#3, 11, and 14 with large tumor nodules separated by thick fibrous septa may have represented moderately to poorly differentiated types ([Fig. 1](#f0005){ref-type="fig"}*A*). As with poorly differentiated type, tissues \#1, 4, 6, and 8 contained small and large necrosis foci due to thrombi in tumor vessels accompanied by microvessel invasion ([Fig. 1](#f0005){ref-type="fig"}*B*). Other hallmark morphology included giant tumor cells and atypical mitoses indicated and undifferentiated tumor cells ([Fig. 1](#f0005){ref-type="fig"}*B*).Fig. 1Histological morphology and differentiation subtypes were analyzed for pair-matched HCC tissues and corresponding stromas. (A) Typical features of well-differentiated (\#2, 5, 7, and 9), middle-grade moderately differentiated (\#3, 10, 11, 12, 13, and 14), and grade III poorly differentiated cases (\#1, 4, 6, and 8), individually presented. (B) Hematoxylin--eosin staining for four HCC grade III tissues; ×100 fields indicate hemorrhagic necrosis, black arrows. In patient \#1, anaplastic tumor giant cells are indicated with red arrows; in patients \#4 and 6, with white arrows for mitoses. Original magnifications were ×100 and ×400. Scale bars, 100 μm and 50 μm.Fig. 1

Differential HBV Expression Between HCC Tumors and Peritumor Tissues {#s0055}
--------------------------------------------------------------------

Access to a unique series of pair-matched liver specimens provided us with the opportunity to delineate the intrahepatic pattern of HBsAg and HBcAg in pathological livers for HCC diagnosis from virological aspects. Among the 14 samples series, \#1, 13, and 14 were HBsAg seronegative. The absence of HBsAg was also identified in patient liver tissues ([Fig. 2](#f0010){ref-type="fig"}*A*). For the remaining 11 samples, HBsAg was decreased in HCC tissues compared with stroma controls. Immunostaining was positive in 1 of 11 (9.1%) tumor tissues and was positive for 90.9% of nontumor specimens ([Figs. 2](#f0010){ref-type="fig"}, *B* and *C*, and [5](#f0025){ref-type="fig"}*A*). In continuous fields of normal and malignant hepatocytes, we observed exclusiveness of HBcAg in tumor nodules ([Fig. S1](#ec0010){ref-type="supplementary-material"}). HBsAg was located with patterns of spotty, diffuse, membranous and cytoplasmic scattering, even in an individual patient ([Fig. S2](#ec0015){ref-type="supplementary-material"}).Fig. 2HBsAg was downregulated in HCC tissues compared to tumor periphery. (A) Cases \#1, 13, and 14 with negative signals from serological assays and viral DNA showed no HBsAg in liver tissues. (B, C) HBsAg positive HCC patients had different expression patterns in nontumor and tumor tissue. Distinctive features by cytoplasmic spots (\#2 and 10), diffuse (\#2, 3, 4, 5, 7, 9, 11, and 10) and membranous (\#2, 5, 7, 9, and 12). Scale bars, 100 μm and 50 μm.Fig. 2

The tendency for decreased HBcAg in tumor tissues was not significant compared to HBsAg. Although all samples were HBcAg positive, levels were lower in tumor tissues compared to corresponding stromas ([Figs. 3](#f0015){ref-type="fig"}*A*, [5](#f0025){ref-type="fig"}*B*). HBsAg negative samples \#1, 13, and 14 showed strong positivity for intrahepatic HBcAg with signals sustained even when the primary antibody was diluted from 1:200 to 1:400 (Figs. [3](#f0015){ref-type="fig"}*B* and [S3](#ec0020){ref-type="supplementary-material"}), indicating the presence of occult HBV infection. In addition to quantitative differences, locations differed between nontumorous tissues and tumors. HBcAg was localized mainly in the cytoplasm of malignant hepatocytes, except for solid growth types of \#3, 11, and 14, which had distribution throughout the cell ([Fig. 3](#f0015){ref-type="fig"}, *A* and *B*). The results were confirmed by a representative boundary field of hyperplasia tumor cells and benign nodules in sample 12. We observed an exclusive distribution of cytoplasmic HBcAg in tumor cells, characterized by hyperplasia clusters of enlarged and irregular nuclear ([Fig. 3](#f0015){ref-type="fig"}*C*). A distinctive pattern of HBcAg location was observed in different types of cells in normal liver tissue. Regenerative cells with enlarged and light-staining nuclei, had a propensity to have cytoplasmic HBcAg ([Fig. 3](#f0015){ref-type="fig"}*D*).Fig. 3HBcAg expressed at lower levels in HCC tumors than stroma tissues, but positive in each case and limited to cytoplasmic tumor cells. (A) HBcAg was decreased in HCC tissues compared to stroma tissues. Except for \#3, 5, and 14, HBcAg was mainly distributed in the tumor cell cytoplasm. (B) Three HBsAg-negative tissues showed strong positivity for HBcAg, indicating HBV occult infection. HBcAg was expressed extensively throughout normal liver and HCC tissues. (C) Cytoplasm of HBcAg in tumor cells had a boundary region of benign neoplasm and nuclear atypia tumor cells. Crossed pattern of sporadic cytoplasmic (black arrows) or nuclear (white arrows) HBcAg in each region. The boundary was indicated by white dotted line. (D) Distinctive pattern of HBcAg in perilesional normal liver tissues. HBcAg was expressed in the nucleus in normal hepatocytes and cytoplasmic in proliferating regenerative cells. Boundaries were highlighted. Sporadic nuclear expression in tissue \#1 is indicated by white arrows. Scale bars, 100 μm and 50 μm.Fig. 3

Risk Factors for HCC-Associated PDX Model {#s0060}
-----------------------------------------

We transplanted 10 freshly isolated primary HCC tissues obtained immediately after surgery from \#5 and 14 patients, into the lateral abdomens of male NOD-SCID mice. Multiple lesions from individual patients were collected and thoroughly trimmed before inoculation ([Fig. 4](#f0020){ref-type="fig"}*A*). Tumors grew to an average of more than 0.5 cm^3^ after 10--12 weeks in two of 10 samples (20%). Tumors proliferated substantially in the last 2 weeks. To determine if successful engraftment correlated with clinical characteristics of HCC, univariate F tests were performed. Tumors at hepatic V and VI fragment (*P* = .01), LDH (*P* = .035), D-dimer (P = .035), and CA125 (P = .01) were independent risk factors ([Fig. 4](#f0020){ref-type="fig"}*B*). Intrahepatic metastasis, hemorrhagic necrosis, and higher levels of CA19--9, glutathione transpeptidase were regional risk factors (Table S1).Fig. 4PDX model developed by inoculation of fresh primary HCC tissues into NOD/SCID mice. (A) Flowchart of experimental procedures. (B) Risk factors identified by univariate F test. Of 20 variables, indicators of tumor location in the V and VI regions, impaired liver function, and CA125 showed significant p values. (C) Detailed histological morphology of large amounts of blood vessels (\#6 and 8), thick trabecular (\#6) and collagen in (\#8) were reproduced in tumor grafts. Scale bars, 100 μm and 50 μm.Fig. 4

We demonstrated that histological morphology of parental HCC tissues was authentically reproduced by mice engraftments, however with a slight modification ([Fig. 4](#f0020){ref-type="fig"}*C*). Instead of typical clear cell type in patient 8, tumor grafts exhibited a thin trabecular morphology ([Fig. 4](#f0020){ref-type="fig"}*C*). Similar to primary tumors, engraftments exhibited distinctive mitosis and undifferentiated tumor cells in the field ([Fig. 4](#f0020){ref-type="fig"}*C*).

PDX Tumor Grafts Recapitulate HBV Behavior in Human Tissues {#s0065}
-----------------------------------------------------------

We analyzed if HBV was expressed in engraftments consistent with parental tissues. In samples \#6 and 8, HBsAg was expressed at low levels in cytoplasmic spots or diffuse forms in liver tissues and was not detected in tumor tissues. The phenotype of the original tissue was faithfully reproduced in graft tissues ([Fig. 5](#f0025){ref-type="fig"}*A*). For HBcAg, expression was increased in tumor cells of engraftments ([Fig. 5](#f0025){ref-type="fig"}*B*). In a large fraction of engraftment cells, HBcAg was expressed extensively, in contrast to the mainly cytoplasmic location in original cells ([Fig. 5](#f0025){ref-type="fig"}*B*).Fig. 5HBV viral markers in engraftments were generally consistent with original tissues. (A) HBsAg was nearly absent in HCC tissues compared to adjacent livers. In normal liver tissues, \#6 exhibited cytoplasmic spots and \#8 showed an additional membranous type. (B) HBcAg exhibited distinctive patterns in HCC tissues that was faithfully recapitulated and increased in engraftments. In normal liver tissues, \#6 and 8 were cases of expressing HBcAg in whole hepatocytes. HBcAg decreased in HCC tissues and exhibited low level of nuclear expression. The mixed pattern of cytoplasmic, nuclear and whole cell distribution of HBcAg in original tissues was retained and increased in PDX grafts. Arrows were: black, representative hepatocytes with whole cell HBcAg expression; red, alternative cytoplasmic; white nuclear localization. Scale bars, 100 μm and 50 μm.Fig. 5

Several cellular markers were analyzed. Few cells were identified as ki67 positive in HCC tissues \#6 and 8, and we observed that ki67 was increased in tumor grafts ([Fig. 6](#f0030){ref-type="fig"}*A*). Bridging of necrosis and fibrosis areas characterized by collagen IV in parental tissues was reproduced by tumor cells in engraftment ([Fig. 6](#f0030){ref-type="fig"}*B*). The specific distribution of SMA in sinusoid endothelial cells surrounding proliferative neoplasms or hemorrhagic necrosis changed to be mainly concentrated in infiltrated spindle cells in fibrotic brunch in engraftments and tumor cells ([Fig. 6](#f0030){ref-type="fig"}*C*). We found that PDX mice authentically recapitulated the clinicopathological properties of patient tissues, but potentially evolved towards an aggressive phenotype with increased ki67 and HBcAg expression.Fig. 6Cellular markers ki67, collagen IV, and SMA were generally reproduced in mice with a preferential selection of tumor cells. (A) Proliferative cellular marker ki67 significantly increased in mice engraftments. ki67 expressed at low level in tumor tissues \#6 and 8. The staining of engraftment tissues was strong and extensive. Black arrows, ki67 positive cells. (B) Fibrosis structure represented by collagen IV positivity was significant in tumor tissue of two cases and reproduced in mice. (C) SMA expressed distinctively in tumor grafts differing from patient tissues. In mice, SMA expression concentrated in fibrotic structures without the multiple scattered SMA positive pericytes or fibroblasts in patient tissues. Tumor cells in engraftments expressed cytoplasmic SMA that was absent from patient tissues. Black arrows and box, representative tumor cells. Scale bars, 100 μm and 50 μm.Fig. 6

Discussion {#s0070}
==========

Epidemiological studies demonstrate that the relative risk of HCC among HBV carriers is 10-fold higher than among noncarriers, which necessitates further investigation of the molecular mechanism of viral-mediated hepatocarcinogenesis [@bb0025], [@bb0030], [@bb0035], [@bb0040]. We took advantage of a unique collection of liver specimens from patients who underwent partial hepatectomy for HBV-associated HCC to analyze virological features under pathological condition. Furthermore, we firstly attempt to address if PDX mice could be a candidate model for virus-induced disease.

A major goal of our study was to delineate gene expression patterns of viral biomarkers in HCC. We noticed decreased HBsAg expression in tumors by compared with perilesional areas. The phenomenon had long been confirmed to chronic type B hepatitis patients; however if it is true for tumor patients were largely unknown. [@bb0140], [@bb0145], [@bb0150] Only tumor tissue of patient \#9 was positive for HBsAg. Expression was restricted to normal hepatocytes and was absent in neighboring neoplastic nodules. Previous studies reported that HBsAg positivity ranges from 72%--80% in samples of perilesional tissues *vs.* 15%--23% in HCC tissues [@bb0155], [@bb0160], [@bb0165]. Concordant with that, decreased HBsAg in HCC samples in our study raised doubts about the clinical applications of treating HBV-related HCC patients with autologous T cells engineered to recognize HBsAg [@bb0170]. Similarly, HBcAg expression was decreased in tumor tissues, but to a relatively lower degree, and its cytoplasmic location was distinctive. Decreased or even fully abrogated expression of HBV antigens may result from HBV DNA integration into the host genome in 85%--90% of patients [@bb0175]. Integration often leads to disruption of viral proteins and expression of HBV-host fusion constructs. In HCC, genes coding for viral proteins are often methylated (mostly viral core and surface genes) or mutated (mostly HBx gene), reducing the chance of presenting regular HBV sequences in MHCs [@bb0180]. Previous reports indicated that in patients with chronic active liver disease, the expression of nuclear HBcAg decreased significantly with concomitant increase in cytoplasmic membranous HBcAg expression [@bb0165], [@bb0190], [@bb0195], which was highly coincided by HCC samples in our study, and raised a role of HBcAg in tumor progression.

Although HBsAg was negative in serum and tissue samples from patients \#1, 13, and 14, samples showed intrahepatic HBV occult infections by strong HBcAg-positivity in liver tissues, highlighting further diagnosis by combined viral markers in liver tissue [@bb0200].

Of viral models of HBV-related HCC in standardized mice, transgenic mice harboring HBx, pre S, or truncated S were developed. However, intact Dane particles in these models do not represent natural HBV infection [@bb0085], [@bb0090], [@bb0095], [@bb0100]. PDX models mostly retain the principal histologic and genetic characteristics of their donor tumor and remain stable across passages [@bb0120], [@bb0125], [@bb0130], [@bb0135]. Few studies have properly addressed the efficiency of methods for tumor virology studies [@bb0120], [@bb0125], [@bb0130]. The take rate in our study was 20% (2/10), slightly lower than previous studies [@bb0095], [@bb0135], which may have resulted from a limited number of high grade malignant tumors in our study. The risk factors identified by univariate analysis were a high level of LDH, D-dimer, and CA125, emphasizing the role of liver dysfunction in HCC progression. Of note, poorly differentiated HCC tissues of \#6 and 8 were successfully taken up and had distinctive mitosis. Thus, prescreening by histological and serological risk factors before tissue implantation is important for implementing real-time PDX data for personalized cancer treatment.

Although primary tumors are generally thought to be faithfully represented by PDX models [@bb0120], [@bb0125], [@bb0130], [@bb0135], assessing if they retain virological characteristics throughout propagation is important. Limited studies reported that a dotty pattern of HBsAg is correlated with HCC and active viral replication [@bb0140], [@bb0150]. Samples \#6 and 8 both exhibited the pattern. The special pattern of whole cell expression of HBcAg in tissues \#6 and 8 were recapitulated in two tumor grafts with stronger positivity. The pathological meaning for that was still need to be clarified. [@bb0140], [@bb0145], [@bb0150], [@bb0165], [@bb0190] For cellular markers, PDX models authentically mimicked the fibrosis structure of samples \#6 and 8, but with a different pattern of SMA. SMA was mainly located in the cytoplasm of tumor cells in mice. We further identified that active proliferation indicated by ki67 stain was significantly increased when compared to original tissues, which implied that the process of generating a PDX model resulted in the selection of tumors that engraft and propagate in mice [@bb0205]. No antibodies had cross reactions with mouse species. These results may suggest an evolutionary progression of extracellular matrix remodeling during PDX model development, but needs further investigation.

The model was novel and appealing; however, we are still in collection of HCC samples for developing PDX, which may lead to more accurate identification of risk factors. And deep sequencing profiles to construct a virus-associated landscape for the disease will be fulfilled in our future research. Here, we concluded that accurate delineation of viral status in HCC is a critical prerequisite for HBV-based therapy. And we firstly developed an alternative model by PDX mice, which represent physiological characteristics of clinical HCC.
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